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Abstract:  Short  summary  of  most  important  research  results  that  explain  why  the  work  was  done, 
what  was  accomplished,  and  how  it  pushed  scientific  frontiers  or  advanced  the  field.  This  summary 
will  be  used  for  archival  purposes  and  will  be  added  to  a  searchable  DoD  database. 

This  research  work  was  a  continuation  effort  on  earlier  work  efforts  and  the  overall 
program  focuses  on  the  development  of  new  explorations  towards  the  development 
of  better  understanding  of  non-linear  ultrasonic  methods  for  the  quantitative 
materials  state  evaluation  and  characterization  of  damage  in  metallic  alloys.  In  this 
work,  the  Non-linear  ultrasonic  method  using  guided  Lamb  modes  have  been 
explored.  The  creep  and  associated  damage  mechanism  were  simulated  on  metallic 
alloys  of  steel  using  standard  test  coupons  that  were  subjected  to  different  tempering 
temperatures.  The  results  show  that  the  Lamb  wave  NLU  method  can  distinguish  the 
different  regions  of  damage.  The  improved  understanding  of  the  non-linear 
ultrasound  is  anticipated  to  lead  to  new  measurement  techniques  that  have 
applications  in  the  area  of  vehicle  health  monitoring,  nondestructive  testing,  and 
process  monitoring  of  manufacturing  processes 

Introduction: 

The  work  was  divided  into  (a)  Test  coupon  preparation  and  damage  simulation  in 
laboratory  conditions,  (b)  Experimental  apparatus  development  and  choice  of 
appropriate  modes,  and  (c)  Experimental  tasks  that  develop  a  relationship  between 
damage  progression  in  metals  and  the  Non-Linear  Ultrasonic  parameters  using  Lamb 
modes. 

Theoretical  Development:  The  details  are  provided  in  APPENDIX  A. 

Experiment:  The  details  are  provided  in  APPENDIX  A. 

Results  and  Discussion:  The  significant  results  are  listed  below: 

1.  The  Lamb  wave  based  Non-Linear  ultrasonic  measurements  are  feasible  on 
test  coupons  if  the  pairs  of  Lamb  modes  are  selected  appropriately. 

1.  Non-Linear  ultrasonic  measurements  can  be  correlated  with  damage  in 
metallic  alloys.  It  was  observed  that  the  Normalized  non-linear  ultrasonic 
Lamb  mode  parameter  (P)  was  observed  to  be  highly  dependent  on  the 
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precipitate-matrix  coherency  strains  generated  during  different  tempering 
temperatures. 
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APPENDIX  A 


Lamb  Wave  Based  Non-Linear  Ultrasound  for  Damage  Detection 

(i)  Problem  Definition: 

Structural  metals  are  subject  to  aging  from  fatigue,  creep,  corrosion,  and  their  combination.  Exposure 
to  elevated  temperatures  promotes  creep  and  in-service  degradation  with  creep  is  one  of  the  most 
critical  factors  determining  the  structural  integrity  of  components  at  elevated  temperatures  in  power 
plants,  chemical  plants,  and  oil  refineries.  Presently  for  saving  energy  and  to  meet  recent  regulations 
of  CO2  emissions,  as  well  as  to  improve  thermal  efficiency,  the  steam  pressures  and  operating 
temperatures  have  been  increased,  resulting  in  accelerated  material-degradation.  So  there  is  an 
increasing  concern  regarding  the  safety  of  power-plant  components  used  in  high  temperature 
environment.  Assessment  of  the  state  of  creep  damage  is,  therefore,  important  to  ensure  safe  operation, 
to  predict  remaining  life,  and  to  promote  life -extension  programs. 

Creep  damage  involves  the  nucleation  and  growth  of  cavities  at  the  grain  boundaries,  their  subsequent 
linkage  to  form  micro-cracks,  and  the  propagation  of  micro-cracks  until  failure.  During  this  process, 
the  precipitation  of  the  second  phase  particles  such  as  carbides  and  inter-metallic  compounds  is 
accompanied.  For  assessing  this  damage,  nondestructive  techniques  have  long  been  desired. 
Ultrasonic  and  electro -magnetic  based  techniques  have  been  explored  by  various  researchers  to  assess 
creep  damage.  However,  there  is  no  established  NDE  technique  that  enables  evaluation  of  the  present 
state  of  materials  and  predicts  their  remaining  life.  Conventional  ultrasonic  methods  and  all  other 
conventional  NDT  techniques  are  all  point-to-point  inspection  methods  that  are  only  the  part  under  the 
transducer  can  be  inspected.  So  conventional  NDT  techniques  are  not  desirable  for  inspection  of  tubes 
and  pipes.  On  the  other  hand,  guided  wave  ultrasonic  technique  has  been  introduced  as  a  technique  for 
long  range  pipe  inspection  and  evaluation  of  inaccessible  parts.  This  guided  wave  ultrasonic  has  two 
distinguishable  advantages:  (i)  it  can  propagate  along  the  pipe  for  long  distance  without  much  energy 
attenuation,  so  it  can  be  used  for  long-range  inspection;  (ii)  this  type  of  waves  vibrate  in  the  inner, 
center,  and  outer  part  of  the  pipe,  thus  100%  pipe  inspection  can  be  achieved. 

Background: 

Nondestructive  Technique  for  creep  damage  evaluation  for  in-service  components  requires 
continuous  monitoring  or  periodic  inspection  of  the  actual  components  to  identify  any 
defects  such  as  cracks  or  voids.  Among  those  techniques,  ultrasonic  has  a  long  success 
history  in  many  NDE  applications  both  in  lab  conditions  and  in  the  field  [1].  Most  of  the 
works  co-relate  the  ultrasonic  velocity  distribution  with  the  porosities  formed  during  creep 
damage.  Stigh  [2]  showed  relations  between  the  ultrasonic  velocity  and  the  ultimate  strength 
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of  crept  samples,  which  might  be  used  to  assess  the  load  carrying  capacity  of  a  structural 
element.  The  material  properties  (density,  elastic  moduli,  electrical  resistivity  etc.)  are 
changed  due  to  the  formation  of  porosity  during  creep  damage  of  various  power-plant 
components.  So  the  potential  of  several  NDT  techniques  for  the  detection  of  creep  cavities 
are  discussed  by  several  authors.  H.  Willems  and  G.  Dobmann  [3]  traced  the  changes  in 
density  and  elastic  moduli  by  ultrasonic  velocity  measurement  and  they  made  a  theoretical 
estimation  which  showed  a  good  agreement  with  experimental  results  under  laboratory 
conditions.  T.  Morishita  et  al.  [4]  measured  the  ultrasonic  velocities  and  porosity  for  pure 
copper  samples  subjected  to  the  intergranular  creep  process.  They  studied  a  double 
composite  model  implied  by  photomicrographic  observations  and  calculated  the  transversely 
isotropic  effective  stiffness  using  this  micromechanical  modelling.  H.  Jeong  &  D  H  Kim  [5] 
investigated  the  creep  voids-ultrasonic  velocity  relationships  on  a  series  of  crept  copper 
samples  and  a  progressive  damage  model  was  developed  considering  the  anisotropic 
behaviour  of  the  material.  B.  J.  Kim  et  al.  [6]  studied  the  ultrasonic  backscattering  signal  to 
evaluate  the  creep-fatigue  strength  and  the  creep-fatigue  life  of  high-pressure  vessels  at  high 
temperature  in  a  power-plant.  The  relationships  between  the  ultrasonic  bulk-waves 
parameters,  RMS  level  of  backscattering  signals,  and  the  area  fraction  of  the  cavity  in  the 
creep-fatigue  zone  were  investigated  by  them  to  evaluate  the  life-time  of  the  damaged  P92 
specimens.  Very  recently  some  advanced  ultrasonic  techniques  have  also  been  used  to  assess 
the  creep  damage.  Phased-Array  Ultrasonic  [7]  is  being  used  to  detect  any  flaw  or  defects 
present  in  the  welded  as  well  as  HAZ  region.  Nonlinear  Ultrasonic  (NLU)  is  also  now  used 
to  characterise  the  creep  damage.  Sony  Baby  et  al.  used  the  NLU  technique  to  show  a  good 
agreement  between  experimental  results  and  the  metallographic  studies  for  titanium  alloy  [8]. 
Co-relation  between  the  micro-void  concentrations  caused  by  creep  damage,  dislocation 
morphologies  and  the  NLU  parameters  were  made  by  Valluri  et  al.  and  Balasubramaniam  et 
al.  [9,  10].  Guided  wave  ultrasonic  technique  has  been  used  for  pipe  inspection  for  corrosion 
damage,  structural  health  monitoring,  measurement  of  wall  thinning  in  pipes,  tubes  and 
shells  due  to  various  type  of  damages,  etc.  [11-13].  Nonlinear  guided  wave  ultrasonic  has 
been  studied  by  Jacobs  for  various  types  of  damages  [15-17]. 

Sample  Preparation: 

Machining  was  done  for  making  creep  flat  specimens  from  Cr-Mo  steel  as  well  as  IN-718  as 
per  the  drawing  given  in  figure- 1.  Cr-Mo  Steel::  The  chemical  compositions  of  the  Cr-Mo 
steel  are  given  below  (Table- 1): 
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Table-1: 


Radicals 

(%) 

c 

Si 

Mn 

P 

S 

Ni 

Cr 

Mo 

W 

0.057 

0.277 

0.408 

0.023 

0.005 

0.08 

8.57 

0.89 

0.015 

Fig-1 :  Drawing  of  a  flat  Creep  sample  (All  dimensions  in  mm) 


Microstructural  Analysis: 

The  received  plate  of  9Cr-lMo  steel  was  solution  annealed.  The  heat-treatment  was  done  at 
1050°C  for  2  hrs  and  air-cooling  followed  by  tempering  at  750°C  for  lhr  and  air-cooled. 
Figure-2  (a)  &  (b)  show  the  optical  microstructure  of  the  solution  annealed  9Cr-lMo  sample 
which  is  tempered  martensitic  structure. 


Fig.  ~2(a)  &  (b)-  Showing  the  optical  microstructure  at  different 

rrm  pti  if  inn  firms 


Figures-3  show  the  dislocation  morphologies  and  various  precipitates  of  the  solution 
annealed  9Cr-lMo  sample  using  transmission  electron  microscope. 
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Fig.  ~3’  TEM micrograph  of  the  solution-annealed  9Cr~lMo  steel 

Prior  austenitic  grain  boundary  can  be  seen  in  fig. -3(a)  along-with  elongated  grains.  Lots  of 
dislocations  tumble  in  the  microstructure.  Presence  of  carbides  in  the  initial  microstructure  is 
presented  in  fig. -3(b).  Fig. -3(c)  also  shows  the  tempered  martensite  within  the  prior 
austenitic  grain  boundary  and  the  orientations  of  the  martensitic  structure  are  almost  same 
within  the  grain  boundary. 

Mechanical  Evaluation : 

Fig. -4  shows  the  tensile  curve  of  9Cr-lMo  steel  at  room  temperature  and  at  600°C  at  which 
creep  testing  has  been  going  on.  The  calculated  yield  stress,  UTS  and  the  elongation  at  room 
temperature  as  well  as  at  600°C  are  given  below  in  table-2. 
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Table-2 : 


Temperature 

Yield  Stress 

(corresponding  to 

0.2%  strain) 

UTS 

Elongation 

(Based  on  position  data  with 

gage  length  40  mm) 

Room 

644.168  MPa 

871.32  MPa 

15.2% 

600°C 

407.86  MPa 

480  MPa 

22.25  % 

The  hardness  values  of  the  solution  annealed  sample  (Taken  at  5 -positions)  are  277. 6HV, 
283.1  HV,  279.0  HV.  280.3  HV  and  280.3  HV  using  30  kg  load. 


Fig.  ~4:  Tensile  curve  of  solution  annealed  9Ci — IMo  steel 

Creep  test  lias  been  going  on  of  9Cr-lMo  steel  at  600°C  under  140  MPa  to  evaluate  the 
rupture  life  as  well  as  the  creep  strain. 


Nonlinear  Ultrasonic  using.  UkrasonicLamb  Waves: 

The  disperse  curves  of  phase  velocity  as  well  as  group  velocity  for  5mm  thickness  steel  plate 
are  shown  in  figure-5  &  6.  At  first,  simulation  is  done  for  excitation  of  So  mode  using  250 
kHz.  The  material  is  assumed  as  linear,  isotropic  and  homogeneous.  So,  the  FFT  of  the 
received  simulated  signal  shows  the  presence  of  only  250  kHz  without  any  higher  harmonics 
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as  no  non-linearity  in  the  material  is  assumed.  The  finite  element  simulation  was  done  in 
ABAQUS  [18]  using  plane  strain  dements  of  4-node  bi-linear.  hour-glass,  reduced 
integration  type  element  both  for  wedge  as  well  as  plate.  For  getting  proper  frequency 
components,  at  least  10  nodes  per  wave-length  were  taken  [19]. 


Fig.  -5-'  Disperse  Curve  showing  Phase  velocity  variation  for  5mm  thick  steel  plate 


Symmetric 


Fig.  -6:  Disperse  Curve  showing  Group  velocity  variation  for  5mm  thick  steel  plate 

The  excitation  frequency  of  250  KHz  tone-burst  Hanning  windowed  signal  with  5 -cycles  is 
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applied  on  the  wedge  assuming  the  crystal  diameter  as  10  mm.  Fig.-7  shows  the  excitation 
signal  and  corresponding  FFT  of  that  signal. 


Fig.  ~7'-  Input  signal  used  for  simulation  (a)  Time  domain  (b)  Frequency  domain 


(a) 


Fig.  ~8(a  &  b):  Lamb  Wave  propagation  through  5  mm  steel  plate 
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The  received  signal  with  its  FFT  at  the  receiving  surface  is  shown  in  figure-9.  It  can  be  seen 
that  only  0.25  MHz  frequency  has  been  generated.  The  current  simulation  was  carried  out  at 
a  relatively  lower  excitation  frequency  of  250  kHz  where  no  situation  of  identical  group  and 
phase  velocity  exists  [20],  At  certain  high  excitation  frequencies,  higher  harmonics  can  be 
seen  hi  the  result  when  the  condition  of  identical  group  and  phase  velocities  exists  for  the 
harmonics  [21], 


Fig.  ~9‘  (a)  The  received  simulated  U1  displacement  and  it’s  FFT 
(b)The  received  simulated  U2  displacement  and  it’s  FFT 
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Generation  of  lamb  wave  by  non  collinear  wave  mixing  T22-241: 

Simulation  of  generation  of  guided  wave  by  wave  mixing  of  two  non  collinear  waves  has 
been  going  on.  The  schematic  diagram  which  is  adapted  for  this  technique  is  shown  in  fig.  - 
10. 


where, 


a  sin  <p 

tan  7  =  - 

c  +  a  cos  <p 


and 


C  = 


St 

ci 


C{  =  Transverse  velocity  of  ultrasonic  bulk  wave 
Cl  =  Longitudinal  velocity  of  ultrasonic  bulk  wave 


Brief  literature  review: 

Nonlinear  ultrasonic  technique  has  been  emerging  as  potential  non-destructive  tool  for 
evaluating  plastic  deformation  in  a  material.  Initially  sinusoidal  ultrasonic  wave  gets 
distorted  and  generates  higher  order  harmonics,  when  propagates  through  nonlinear  or 
anharmonic  materials.  The  quantitative  measurement  of  this  distortion  is  given  by  nonlinear 
acoustic  parameter 

8A± 

^~k^Afx 

where  Ai  and  A2  are  the  displacement  amplitudes  of  the  first  and  second  harmonics 
respectively,  k  is  the  wave  vector  and  v  is  the  propagation  distance.  The  generation  of  higher 
order  harmonics  is  related  to  nonlinear  elastic  properties  of  the  materials.  These  nonlinear 
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elastic  properties  are  much  more  sensitive  to  microstructural  changes  than  linear  elastic 
properties  [25].  The  variations  of  harmonic  generation  can  be  related  to  the  microstructural 
changes  in  materials.  Cantrell  et.  al.  [26]  demonstrated  the  variation  of  harmonic  generation 
during  aging  in  precipitation  hardened  A12014  hardened  alloys  and  showed  that  acoustic 
nonlinear  parameter  in  a  heat-treatable  alloy  could  provide  quantitative  information  about  the 
kinetics  of  precipitation  nucleation  and  growth  in  such  alloys.  Hurley  et.  al.  [27]  showed  the 
variation  of  P  in  quenched  martensitic  steel.  (5  was  found  to  increase  monotonically  with 
carbon  content  over  the  range  of  0.10-0.40  mass%  C.  Attempts  have  also  been  made  by 
several  researchers  to  characterise  the  material  degradation  by  measuring  the  amount  of 
harmonics  generated  which  confirm  that  the  harmonic  generation  technique  could  be  the 
potential  tool  for  material  characterisation  [28-30].  All  these  works  are  based  on  bulk 
longitudinal  waves  for  the  generation  of  harmonics  i.e.  point-to-point  measurement.  There 
are  also  some  experimental  investigations  in  which  Rayleigh  surface  waves  are  used  for 
assessing  the  accumulated  materials  damage  by  acoustic  nonlinearity  [31-33]. 

In  present  investigation,  guided  Lamb  wave  is  used  to  evaluate  the  nonlinearity  of  material 
during  tempering.  The  main  advantage  of  using  guided  wave  (such  as  Lamb  wave  used  in 
this  work)  is  that,  it  can  be  used  for  long  range  inspection  of  any  plate  or  shell  type  structures 
and  only  one  sided  access  using  pitch-catch  configuration  is  required.  But,  due  to  the 
inherent  multi -mode  and  dispersive  nature  of  Lamb  wave,  it’s  difficult  to  accurately  extract 
the  second  harmonic  component.  Deng  et.  al.  [34]  carried  out  experiments  on  nonlinear 
Lamb  wave  for  cyclic  plastic  damage  in  aluminium.  They  used  stress  wave  factor  (SWF)  as  a 
nonlinearity  acoustic  parameter  which  was  defined  as  absolute  magnitude  of  the  second 
harmonic  signal  integrated  over  a  certain  frequency  range.  According  to  this  work,  SWF 
decreased  monotonically  with  fatigue  cycles,  which  was  contrary  to  the  work  done  by  other 
researchers  using  longitudinal  bulk  waves  [28-30,  35].  Bermes  et.  al.  [36]  used  nonlinear 
Lamb  waves  to  detect  plasticity  driven  damage  in  material.  In  their  work,  hybrid  wedge 
generation  and  laser  interferometric  detection  were  used  to  measure  the  material  nonlinearity 
parameters.  Evaluations  of  material  damage  due  to  plastic  deformation  have  also  been 
studied  by  various  researchers  [37-40].  All  these  works  show  the  cumulative  growth  of 
second  harmonic  component  with  propagation  distances  and  material  degradation.  Very  few 
attempts  are  there  in  evaluating  thermal  degradation  in  structural  materials  using  the 
nonlinear  effect  of  Lamb  wave  propagation  [41-44].  A  “mountain  shape”  change  in  the 
second  harmonic  component  of  Lamb  wave  with  thermal  degradation  was  observed  in 
FeCrNi  alloy  steels  [41].  Cumulative  second  harmonic  analysis  of  ultrasonic  Lamb  wave  was 
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performed  to  study  the  precipitation  kinetics  and  micro-void  initiation  of  modified  HP 
austenite  steel  during  aging  [42].  Initial  increase  in  normalized  acoustic  nonlinearity 
parameter  due  to  fine  precipitates  followed  by  decrease  due  to  precipitate  coarsening  and 
micro-void  formation  was  observed  in  this  study.  Very  recently  effect  of 
precipitate-dislocation  interactions  during  creep  on  Lamb  wave  propagation  was  studied  in 
Ti-60  plates  [43-44]. 

The  objective  of  proposed  work  was  to  characterize  the  structural  change  of  modified 
9Cr-lMo  steel  with  tempering  temperatures.  Experiments  were  designed  to  introduce 
controlled  level  of  measurable  changes  at  different  process  parameters.  The  behaviour  of  P 
parameter  was  evaluated  for  each  condition.  Finally,  pre-dominant  effect  was  identified  in 
terms  of  microstructural  characteristics  influencing  (3  parameter  significantly. 


2.  Experimental  Efforts  on  Lamb  Wave  Non-Linear  Ultrasound 

2.1  Specimen  preparation  and  microstructures 

The  as -received  plate  was  machined  to  make  rectangular  shape  of  dimensions  ~  100mm  x 
40mm  x  2.5mm  with  an  objective  of  studying  the  higher  harmonic  component  induced  in 
Lamb  wave  during  tempering.  The  machined  rectangular  plates  were  solution  annealed  (SA) 
at  the  temperature  of  ~1080°C  for  2  hours  and  then  air-cooled.  Tempering  was  done  at  6 
different  temperatures  from  600°C  to  850°C  at  50°C  interval  for  1.5  hrs,  followed  by  furnace 
cooling.  Evaluation  of  microstructure  was  done  in  analytical  transmission  electron 
microscope  (TEM;  Philips  CM  200).  Samples  for  TEM  were  prepared  by  conventional 
method  with  final  thinning  using  a  mixture  of  acetic :perchloric  acid  (9:1)  at  10°C  and  35V. 

2.2  Nonlinear  Lamb  wave  measurement 

Higher  harmonic  measurement  was  done  using  high  voltage  tone -burst  signal  of  5  cycles  at 
exciting  frequency  of  2  MHz  generated  by  high  power  pulser  RAM  5000  from  RITEC  Inc.  A 
centre  frequency  of  2.25  MHz  narrowband  transducer  was  used  as  transmitter  and  5  MHz 
broadband  transducer  was  used  as  receiver.  Figure- 11  shows  the  experimental  set-up  for  the 
higher  harmonic  measurement  using  Lamb  wave. 
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Fig.  1 1:  Block  diagram  for  nonlinear  Lamb  wave  measurement. 
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Fig.  12 •'  Dispersion  curves  for  2.5  mm  thick  P91  steel  plate-  (a)  phase  velocity 
variation  with  frequency /  and  (b)  group  velocity  variation  with  frequency. 


Fig.  12  shows  the  phase  velocity  and  group  velocity  dispersion  curves  of  Lamb  waves  for  a 
2.5  mm  thick  modified  9Cr-lMo  steel  plate  where  SI  and  S2  modes  have  been  selected  for 
higher  harmonic  measurement.  These  modes  satisfied  the  conditions  of  phase  velocity 
matching  for  excitation  of  cumulative  second-harmonic  of  Lamb  wave  as  well  as  group 
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velocity  matching  for  ensuring  the  transferred  energy  from  the  fundamental  frequency  to  stay 
within  the  same  wave  packet  [37-39,  45-47].  This  synchronous  Lamb  wave  mode  pair  (SI, 
S2)  was  excited  and  received  using  wedge  (plexiglas  made)  transducers  with  an  oblique 
angle  of  27.7°.  The  propagation  distance  within  the  material  between  transmitter  and  receiver 
was  kept  constant  as  ~80mm  for  all  tempered  specimens  after  adjusting  the  distance  travelled 
by  the  wave  in  wedges. 

A  typical  transient  time-domain  Lamb  wave  signal  measured  during  this  study  from  a 
tempered  sample  is  shown  in  Fig.  13.  The  signal  shows  the  dispersive  and  multi-mode  nature 
of  Lamb  waves.  To  determine  the  arrival  times  of  the  individual  modes,  suitable 
time-frequency  analysis  was  performed  on  the  signals.  STFT  (Short  Time  Fourier 
Transformation)  was  executed  on  the  received  Lamb  wave  signals  for  proper  separation  of 
various  modes  present  in  signal.  The  present  work  has  followed  the  same  analysis  method  as 
described  by  Bermes  et.  al.  [36].  The  fundamental  and  the  second  harmonic  frequency 
components  of  the  received  signal  are  shown  in  Fig.l4(a-b).  The  amplitude  Ai  and  A2  were 
measured  from  these  components  and  normalized  P  was  calculated  using  the  expression 
A2/A12. 


Fig  13'-  Typical  multimode  time-domain  signal  during  nonlinear  Lamb  wave 

measurement. 
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Fig  14 ■  Time- frequency  components  of  (a)  SI  mode  [2  MHz],  ( b )  S2  mode  [4 

MHz]. 


2.3  Measurement  of  dislocation  density  by  ultrasound 

Influence  of  dislocations  on  the  generation  of  higher  harmonic  component  has  been  well 
established  [48-52].  A  relation  between  distribution  of  dislocations  and  P  is  there,  where  it  is 
shown  that  P  a  NL4a  where  N  =  dislocation  density,  L=  dislocation  loop  length  and  a  = 
applied  or  residual  stress  [48,  49].  So,  measurement  of  dislocations  is  one  of  the  important 
parameters  to  explain  the  change  in  P  in  de-generated  materials.  Till  now,  TEM  and  X-ray 
diffraction  (XRD)  are  the  two  common  techniques  for  measuring  the  dislocation  density. 
TEM  allows  for  a  local  measurement  in  a  specially  prepared  sample  that  includes  non-direct 
measurement  of  thickness  for  estimating  the  volume  under  observation.  XRD  technique 
though  reflects  a  global  characteristic,  yet  is  limited  to  depth  of  penetration  within  the 
material  under  investigation.  In  this  work,  ultrasound  was  used  to  evaluate  the  dislocation 
density  as  discussed  by  N  Mujica  et.  al.  [53].  According  to  their  work,  it  was  seen  that 
increase  in  dislocation  density  resulted  in  a  decrease  in  shear  wave  velocities  as  given  by  eqn. 
(1). 


Vf 


5tz4  H  [  eJ 


(1) 


This  equation  links  the  relative  change  in  shear  wave  velocity  Avt/vt  between  two  samples  of 
a  material  that  differ  in  dislocation  density  n,  where  n  =  number  of  dislocation  segments  of 
length  L,  b=  Burgers  vector,  T  =  line  tension  per  unit  volume,  p  =  shear  modulus  and 
subscript  e  and  s  are  related  to  edge  and  screw  dislocations,  respectively.  Simplifying  the 
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expression  [54]  and  assuming  shear  wave  velocity  is  almost  half  of  the  longitudinal  wave 
velocity  the  final  relation  will  be: 

Avt  _  8 

vT  5-jt4 

This  formula  provides  a  measure  of  the  dimensionless  quantity  nL 3  and  does  not  give  an 

absolute  measurement  of  dislocation  density,  but  a  measurement  of  the  difference  in 
dislocation  density  between  two  samples  [53].  Shear  wave  velocity  was  measured  using  a  5 
MHz  PZT  transducer  by  pulse-echo  technique. 

3.  Results  and  Discussion 

3.1.  Variation  of  ultrasonic  nonlinearity  parameter 

Heat-treatable  metallic  alloys  are  very  much  sensitive  to  precipitation,  since  they  are 
generally  strengthened  as  a  result  of  nucleation  and  growth  of  precipitates  that  form  during 
heat-treatment  of  materials.  Precipitate  has  a  definite  lattice  parameter  that  is  different  from 
that  of  matrix.  If  the  lattice  parameter  of  precipitate  is  denoted  by  ap  and  am  for  matrix,  then 
there  will  be  a  misfit  which  is  a  measure  of  lattice  mismatch  and  is  given  as  8  =  (ap  -  am)  /am. 
For  one-to-one  registry  of  atoms  between  precipitate  and  matrix  then  “coherency  strains”  are 
generated  in  the  region  around  the  interface  [62].  Coherency  strain  may  be  given  as  8  = 
2(ap-am)/(ap+am). 


The  coherency  strain  causes  the  dislocations  to  bow  during  its  movement  over  glide  plane  as 
shown  in  Fig. 35  [63].  Assuming  three  precipitates  are  crudely  collinear  with  a  separation 
distance  of  L  between  two  adjacent  precipitates  [64],  it  was  shown  by  Hikata  et  al.  [48]  that 
normalized  acoustic  nonlinearity  parameter  (Ap/(3o)  resulting  from  the  application  of  a  stress 
a  on  a  pinned  dislocation  segment  of  length  2L  was 

Ap  _  24aALiR3Clll 
kl 
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Fig.  15:  Bowing  (three-point  bending)  of  dislocation  segments  on  a  matrix  slip 
plane  resulting  from  local  precipitate -matrix  coherency  stress  [63];  solid  line 
and  circles  reoresent  dislocation  and  orecioitate  resoective/v. 

Where,  Ap  =  (P  -  Po)  =  change  in  nonlinearity  parameter  and  Po  was  the  initial  value; 
b  =  Burgers  vector,  A  =  dislocation  density,  Cn  =  second  order  elastic  constant,  G  =  shear 
modulus,  R  =  Schmid  or  conversion  factor  associated  with  resolution  of  the  longitudinal 
acoustic  wave  along  the  dislocation  slip  plane  and  Q  =  conversion  factor  from  shear  strain  to 
longitudinal  strain.  Considering  dislocation  line  followed  roughly  the  contour  of  the 
minimum  interaction  energy  between  adjacent  precipitates,  the  radial  stress  in  the  matrix  at  a 
radius  r  from  a  spherical  precipitate  of  radius  r±  embedded  in  a  finite  body  was  given  by 

[65] 


AG  Sri 


(2) 


From  Eq.  (1)  and  (2)  for  r  =  L/2,  we  get 


iiALR3C121|5|r13 
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Fig.  16'  Variation  of  ultrasonic  nonlinearity  parameter  with  tempering 

temperatures. 


The  variation  of  nonlinearity  parameter  using  Lamb  wave  has  been  shown  in  Fig.  16.  This 
curve  is  showing  the  increase  in  normalized  acoustic  nonlinearity  parameter  from  600°C, 
attains  peak  value  at  750°C  and  then  decreases.  Thus  the  curve  may  be  divided  into  three 
regions. 

Region-I: 

Initial  increase  in  normalized  nonlinearity  parameter  from  600°C  in  region-I  was 
due  to  coherency  strains  associated  with  the  nucleation  of  fine  precipitates  that 
impeded  the  dislocation  motion  resulting  in  increase  of  |3  (Eq.-3).  In  this  stage, 
the  material  strength  (flow  stress)  was  increased  as  the  dislocation  motion  was 
impeded  by  the  fine  MX  type  of  precipitates  and  this  resistance  was  increased 
due  to  increase  in  precipitate  sizes  within  the  coherency  limit  [62]. 

Region-II: 

As  the  precipitate  size  increased  with  temperature  and  reached  to  a  critical  size 
at  750°C,  the  generated  coherency  strain  was  maximum;  so  the  control  of  flow 
stress  shifted  to  the  larger  coherency  strains  that  gave  the  optimum  strength  of 
the  materials  which  in  turn  gave  the  maximum  value  of  the  acoustic  nonlinearity 
parameter.  In  this  case,  the  material  strength  was  independent  of  precipitate  size, 
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since  dislocations  must  penetrate  this  stress  field  (related  to  the  corresponding 
coherency  strain)  before  cutting  through  precipitate.  Dislocation  density  was 
also  reached  to  maximum  value  due  to  this  higher  coherency  strain.  According 
to  Cantrell  et.  al.  [62],  this  situation  corresponds  to  the  optimum  heat  treatment 
and  maximum  strength  of  the  material. 


Region-Ill: 

Further  growth  of  the  precipitate  sizes  lead  to  “loss  of  coherency”  and  also  loss 
of  material  strength.  Following  Eq.-3,  Fig.  16  showed  the  decrease  of  normalized 
P  after  750°C.  Coarsening  of  the  precipitates  resulted  in  dissolving  of  the 
precipitates  in  the  matrix  and  increases  the  inter-precipitate  spacing  which 
produces  the  dislocation  mobility;  so  material  strength  further  losses  [62]. 

4.  Conclusions: 

From  the  studies  conducted  on  the  development  of  improved  understanding  on  the  use  of 
Lamb  Wave  Non-linear  Ultrasonic  approach  the  following  conclusions  are  derived: 

2.  Precipitation  study  of  modified  9Cr-lMo  steel  was  done  at  various  tempering 
temperatures  by  acoustic  nonlinearity  parameter  (P)  using  Lamb  wave. 

3.  Normalized  P  is  seen  to  be  highly  dependent  on  the  precipitate -matrix  coherency 
strains  generated  during  different  tempering  temperatures. 

4.  Maximum  value  of  P  was  observed  at  750°C  which  indicates  that  750°C  could  be  the 
optimum  tempering  temperature  for  this  material  where  flow  stress  or  material 
strength  is  maximum. 
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